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httpicense.Abstract In this work, poly 12-(3-amino phenoxy) dodecane-1-thiol surfactant self assembled on
silver nanoparticles was synthesized and characterized by different techniques. The synthesized
polymeric surfactant and its nanostructure with the prepared silver nanoparticles were examined
as non-toxic corrosion inhibitors for carbon steel in 1 M HCl solution using weight loss and poten-
tiodynamic polarization techniques. The results show that the value of the percentage inhibition
efﬁciency (IE%) obtained by poly 12-(3-amino phenoxy) dodecane-1-thiol surfactant self assembled
on silver nanoparticles is better than that obtained by poly 12-(3-amino phenoxy) dodecane-1-thiol
surfactant only. Polarization data indicate that the selected additives act as mixed type inhibitors.
The slopes of the cathodic and anodic Tafel lines (bc and ba) are approximately constant and inde-
pendent of the inhibitor concentration. The formation of a protective ﬁlm was conﬁrmed by the
energy dispersive X-ray analysis (EDX) technique.
ª 2013 Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research Institute.
Open access under CC BY-NC-ND license.1. Introduction
There has been much debate on the future implications of
nanotechnology. Nanotechnology has the potential to create
many new materials and devices with wide-ranging(E.M.S. Azzam).
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://dx.doi.org/10.1016/j.ejpe.2013.0applications, such as: medicine, electronics, and energy pro-
duction. On the other hand, nanotechnology raises many of
the same issues as with any introduction of new technology,
including the toxicity and environmental impact of nanomate-
rials [1]. Colloidal particles are increasingly receiving attention
as important starting points for the generation of micro and
nanostructures [2]. These particles are under active research
because they are promising and possess interesting physical
properties differing considerably from those of the bulk
phase. It comes in small sizes and has a high surface/volume
ratio [3]. Nanoparticles are commonly deﬁned as particles less
than 100 nm in diameter [4,5]. Due to this small size, nano-
particles have a large fraction of surface atoms, i.e. a high sur-
face to volume ratio. This increases the surface energygyptian Petroleum Research Institute.
6.008
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volume ratio together with size effects (quantum effects) gives
nanoparticles distinctively different properties (chemical, elec-
tronic, optical, magnetic and mechanical) from those of bulk
materials. For instance, nanoparticle-based semiconductor
sensors exhibit higher sensitivities to air pollutants and have
lower detection thresholds and lower operating temperatures
[6]. In various applications e.g. electronic, magnetic and opti-
cal [7], in bioanalysis [8] and in environmental remediation
[9,10], nanoparticles are used. Nanoparticles have become a
part of our daily life, in the form of cosmetics [11], drug deliv-
ery systems [12], therapeutics [13] and biosensors [14]. Among
the noble metal nanoparticles, silver nanoparticles have at-
tracted more attention [15,16] for their advantage on various
studies such as photosensitive components [17], catalysts
[18,19], and surface-enhanced Raman spectroscopy. Thiols
have been used to stabilize dispersions of metal nanoparticles
in organic solvents, however studies on the spontaneous
assemblies of organic thiols on the surface of gold nanoparti-
cle to date have mainly relied on the availability of a relatively
few commercially available unbranched alkanethiols [20]. The
chemical reactivity of thiol surfactants makes them different
from other surfactants. They associate speciﬁcally with transi-
tion metals to form metal chalcogenides. Although alkanethi-
ols are used most commonly in the synthesis of gold
monolayer protected clusters (MPCs) [21], they are also used
in the formation of nanoparticles of many other materials.
For gold nanoclusters, the assembly of thiols on their surfaces
also can be accompanied by metal etching processes [22]. Cor-
rosion of metallic surfaces can be reduced or controlled by the
addition of chemical compounds to the corrodent. The inhib-
itors themselves form a protective ﬁlm on the surface of the
metal. They are adsorbed into the metal surface either by
physical (electrostatic) adsorption or chemosorption [23].
Many applications require the assembly of nanoparticles in
thin ﬁlm form and the ability to urge the interaction between
the particles [24]. Therefore, much interest has been focused
on the cluster, especially the ﬁlms of nanoparticles. An effec-
tive approach is the Langmuir–Blodgett (LB) technique [25].
Nanoparticles can form a self-assembled ﬁlm on the surface
of copper. Utilizing electrochemical methods of CV and
EIS, Au and Ag nanoparticle modiﬁed copper electrodes are
studied. The results indicate that the self assembling monolay-
ers (SAMs) may be a mixed monolayer in which the nanopar-
ticles and sodium oleate molecule are included, and has an
effective corrosion inhibition for copper in corrosive solu-
tions. TEM was used to observe the Au and Ag nanoparti-
cles; XPS was utilized to investigate the component [26]. In
previous publication [27] we synthesized dodecyl cysteine
hydrochloride surfactant and its nanostructure with gold
nanoparticles which were examined as non-toxic corrosion
inhibitors for carbon steel in 2 M HCl solution using poten-
tiodynamic polarization and electrochemical impedance spec-
troscopy techniques.
In the present work we prepared poly 12-(3-amino phen-
oxy) dodecane-1-thiol surfactant (C12P). We investigate the
self assembling of this surfactant on silver nanoparticles using
different techniques. The effect of nanoparticles on the surface
properties of this surfactant was studied. We evaluate the cor-
rosion inhibition efﬁciency of the synthesized polymeric thiol
surfactant and its nanostructure with silver nanoparticles using
different techniques.2. Materials and measurements
2.1. Materials
2.1.1. Synthesis of the monomeric thiol surfactant
The monomeric surfactant was synthesized in two steps as
follows:
2.1.1.1. Synthesis of 3-bromoalkyloxy aniline. 3-bromododecy-
loxyaniline was prepared by the reaction of (1:1) 3-aminophe-
nol with 1, 12-dibromododecane, in the presence of sodium
ethoxide as shown in previous publication [28].
2.1.1.2. Synthesis of 3-mercaptoalkyloxy aniline. The bromo
group was converted into thiol via the isothiouronium salt by
the reaction with thiourea (1:1). 3-bromoalkyloxy aniline and
thiourea were dissolved in ethanol (50 mL) and reﬂuxed for
6 h. The reaction mixture was concentrated and the residue
was washed with hexane and crystallized from ethanol/hexane.
This intermediate salt was dissolved in 50 mL of ethanol and
then an aqueous solution (5 mL) of NaOH (70 mg) was added
drop wise, then the mixture was reﬂuxed for 3 h. After neutral-
ization with sulfuric acid the reaction mixture was concen-
trated. The residue was ﬁltered off and washed with ethanol
and then dried to obtain 3-amino phenoxy dodecane-1-thiol
[29–31].
2.1.2. Synthesis of the polymeric thiol surfactant
The chemical polymerization of 3-mercaptoalkyloxy aniline
surfactant (C12 M) was performed in the presence of protonic
acids. A solution of 3-mercaptoalkyloxy aniline and 0.5 M
HCl was added dropwise over a period of 15 min into a vigor-
ously stirred aqueous solution of Ce(S04)2 and kept at 80 C
after stirring for 8 h. The precipitates produced were separated
by ﬁltration, washed ﬁrstly with 1 M HCl, then distilled water,
methanol, and ﬁnally acetone, and then dried under reduced
pressure at room temperature overnight to obtain poly (3-ami-
no phenoxy) dodecane-1-thiol [32].
2.1.3. Preparation of the silver nanoparticles
The silver nanoparticle colloidal solution was prepared by using
the chemical reduction method [33]. All solutions of reacting
materials were prepared in distilled water. In a typical experi-
ment 50 mL of AgNO3 solution (1 · 103 mol/l) was heated to
boiling temperature. To this solution 5 ml of 1% tri-sodium cit-
rate was added drop by drop. During the process the solution
wasmixed vigorously and heated until the color change was evi-
dent (pale yellow). Then it was removed from the heating ele-
ment and stirred until cooled to room temperature [34].
2.1.4. Preparation of the nanostructure of the polymeric thiol
surfactant with the silver nanoparticles
The silver nanoparticle solution (20 ml) was mixed with 5 ml
saturated solution of polymeric thiol surfactant and stirred
continuously for 24 h till the yellow color faded. The resulting
solution was used for ultra violet experiments and TEM image
then the resulting solution was centrifuged at 12,000 rpm to
obtain the precipitate of thiol-covered silver nanoparticles.
The precipitate was washed with cold water to remove any
unreacted materials. The washed precipitate was used for
infrared experiments and XRD analysis.
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2.2.1. Fourier transform infrared spectrometer (FTIR)
FTIR spectra were recorded with 2 cm1 resolution at an angle
of incidence 80 relative to the surface normal using the Fou-
rier Transform Infrared, (ATI Mattson genesis and FTIR
spectrophotometer).
2.2.2. Proton nuclear magnetic resonance (1H NMR)
1H NMR measurements were performed on a Varian-Ger-
mini-200 instrument.
2.2.3. Ultraviolet absorption measurements (UV)
The UV measurements were carried out using UV Spectrome-
ter Jenway 6505 UV/Vis. (UK).
2.2.4. X-ray diffraction measurements (XRD)
X-ray diffraction patterns were recorded with a Pan Analytical
Model X’ Pert Pro, which was equipped with CuKa radiation
(k= 0.1542 nm), Ni-ﬁlter and general area detector. The dif-
fractograms were recorded in the 2h range of 0.5–10 with a
step size of 0.02 and a step time of 0.605.
2.2.5. Thermal gravimetric analysis (TGA and DSC)
Wax thermal catalytic cracking was carried out in a TA Instru-
ments SDTQ 600 simultaneous TGA–DSC thermo gravimetric
analyzer. The samples were heated under nitrogen ﬂow
(100 ml min1) from 50 to 800 C, at 20 C min1.
2.2.6. Surface and interfacial tension measurements
Determination of surface tension of the surfactant solution
was carried out at 25 C using Kruss Du Nou¨y tensiometer,
Type K6, Kru¨ss GmbH, Hamburg, Germany [35].
2.2.7. Transmission electron microscope (TEM)
A convenient way to produce good TEM samples is to use
copper grids, the copper grid pre-covered with a very thin
amorphous carbon ﬁlm. To investigate the prepared AgNPs
and the nanostructure of synthesized polymeric surfactant with
AgNPs using TEM small droplets of the liquid were placed on
the carbon-coated grid. A photographic plate of the transmis-
sion electron microscopy (Type JEOL JEM-1230 operating at
120 kV attached to a CCD camera) was employed in the pres-
ent work to investigate the nanostructure of the prepared
samples.
2.2.8. Weight loss technique
Carbon steel coupons of 7 cm, 1.5 cm, and 0.5 cm were used.
The chemical composition of steel sample is recorded in
Table 1. The carbon steel coupons were abraded with a series
of emery papers (grade 320–500–1000–1200) and then washed
with distilled water and acetone. After weighing accurately, the
specimens were immersed in a 250 ml bottle, which containedTable 1 The chemical composition of carbon steel sample.
Element Fe C Al Si P S
(%) 98.798 0.26 0.637 0.255 0.031 0.019150 ml hydrochloric acid 1 molar with and without addition of
different concentrations (75, 150, 225, 300, and 375 ppm) of
prepared compounds. After 10 h, the specimens were taken
out, washed, dried, and weighed accurately. The experiments
were carried out in triplicate. The average weight loss of three
parallel carbon steel coupons could be obtained. Then the tests
were repeated at 25 C.
2.2.9. Polarization technique
Polarization experiments were carried out using a potentiostat
(Volta Lap 40 PGZ 301) attached with a conventional three
electrode glass cell. A platinum sheet was used as counter elec-
trode. A saturated calomel electrode was used as reference
electrode, and a carbon steel sample was used as working elec-
trode. Before measurement, the electrode was immersed in the
test solution for half hour until a steady state was reached. The
potential was increased from potential of 800 to 350 mV
(vs. SCE) with scan rate 1 mV s1.
2.2.10. Energy dispersive analysis of X-rays (EDAX)
EDX system attached with a Joel 5400 scanning electron
microscope was used for elemental analysis or chemical char-
acterization of the ﬁlm formed on the steel surface. As a type
of spectroscopy, it relies on the investigation of sample
through interaction between electromagnetic radiation and
the matter, so a detector was used to convert X-rays’ energy
into voltage signals. This information is sent to a pulse proces-
sor, which measures the signals.3. Results and discussion
3.1. Characterization of the synthesized compounds
The chemical structure of the synthesized monomeric thiol sur-
factant C12M in Scheme 1 was conﬁrmed as follows:
The FTIR data showed the peaks as follows msym (NH2)
around 3450 cm1, msym (CH2) around 2853 cm
1, masym
(CH2) around 2918 cm
1, msym (SH) around 2450 cm
1
m(C‚C)Ar around 1600 cm1, 1490 cm1, d (CH2) around
1461 cm1, 1318 cm1, masym(COC) around 1250 cm
1, m(C–
N) around 1152 cm1, msym(COC) around 1021 cm
1, meta
substituted benzene ring around 580 cm1 msym(C–S) bands
around 620 cm1.
The 1H NMR spectra showed the following d values: 1.47
(t, 1H, SH), 1.23, 1.47, and 1.78 (m, 20H, CH2), 2.61 (q, 2H,
S–CH2), 3.71 (t, 2H, O–CH2) and 7.26 (m, 4H, Ar).
The chemical structure of the synthesized polymeric thiol
surfactant C12P in Scheme 2 was conﬁrmed using FTIR,
TGA and XRD as follows:
The FTIR spectrum is represented in Fig. 1. It is clear that
the adsorption bands of the C12P compound are identical to
that of its monomer (C12M), which is due to the similarity be-
tween their function groups. Also the adsorption band of the
(–NH–) group appeared around, 3450 cm1 as a single band
with slight shift compared with that of the (NH2) group in
monomeric surfactant.
The thermo-gravimetric analysis (TGA) and differential
scanning colorimetry (DSC) for the synthesized polymeric sur-
factant are shown in Fig. 2. The thermal behavior of the C12P
polymer is summarized as follows:
Scheme 1 Chemical structure of the 3-amino phenoxy dodecane-
1-thiol (monomeric surfactant (C12 M)).
Scheme 2 Chemical structure of the poly 3-amino phenoxy
dodecane-1-thiol (polymeric surfactant (C12P)).
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tion in the four polymer samples at the temperature range from
room temperature up to 150 C. The estimated weight loss for
this step was found to be 8.63%. Based on the repeat units in
the suggested structure in Scheme 2 is 4.94% this stage shows
a broad endothermic peak in DSC curve starting at 63 C.
The second stage: at the temperature range (150–300 C)
from both TGA and DSC curves, the polymer sample shows
some thermal stability with no chemical or physical changes.
The third stage: at the temperature range (300–400 C) in-
cludes a loss of HCl molecules from each repeat unit in the
polymer sample associated with an endothermic peak on
DSC curves. The weight loss in this stage is found to be 5.00%.The last stage: at the temperature range (600–800 C) in-
cludes the loss of all benzenoid alkyloxy groups except the
(O–CH2–SH) attached to the quinoid benzene ring. The esti-
mated weight loss of this stage is found to be 9.18%, for the
synthesized polymeric thiol surfactant C12P.
The X-ray diffraction pattern of the synthesized polymeric
surfactant is represented in Fig. 3a. This ﬁgure shows that the
synthesized polymer sample is an amorphous material with a
slight portion of crystallinity that gives a peak at 2h about
25–32 with different intensity, which is related to polyaniline
derivatives [28].
3.2. Self-assembling of the synthesized polymeric Surfactant
(C12P) on AgNPs
Self-assembling of synthesized polymeric surfactant on AgNPs
was studied using TEM, UV and XRD techniques as follows:
The size and morphology of silver nanoparticles and the
nanostructure of the synthesized polymeric thiol surfactant
(C12P) with AgNPs were investigated by TEM (transmission
electron microscope) and ED (electron diffraction) as shown
in Fig. 4a and b. The TEM image indicates that the silver par-
ticles are spherical in shape and ED image reveals that the sil-
ver nanoparticles are polycrystalline structure [36]. Fig. 4a
shows the spherical silver nanoparticles with a corona of the
polymeric thiol surfactant ligand, which is related to the self
assembling of the polymeric thiol surfactant molecules on the
silver nanoparticles. The TEM images further revealed the sta-
bilization of silver nanoparticles due to the interaction with the
surfactant molecules. It is clear from the TEM image in Fig. 4b
that the alkyl chain of the synthesized surfactants effects on the
stabilization of the AgNPs, as the alkyl chain increases, the
aggregation of the AgNPs decrease and cause more stabiliza-
tion of these particles [30].
UV absorption spectra have been proved to be quite
sensitive to the formation of silver colloids because silver
Figure 1 FTIR-spectrum of poly 12-(3-amino phenoxy) dodecane-1-thiol (C12P).
Figure 2 TGA & DSC Chart of poly 12-(3-amino phenoxy) dodecane- 1-thiol (C12P).
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Figure 3 (a) XRD spectra of poly 12-(3-amino phenoxy) dodecane-1-thiol (C12P) and (b) XRD-spectrum of poly 12-(3-amino phenoxy)
dodecane-1-thiol self-assembled on AgNPs.
Figure 4 (a)TEM image of the silver nanoparticles (AgNPs) and (b) TEM image of poly 12-(3-amino phenoxy) dodecane-1-thiol (C12P)
self-assembled on AgNPs.
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surface plasmon [34]. Using the data of UV absorption in
Fig. 5a it was shown that the silver nanoparticles have a peak
absorbance at wavelength 430 nm, intensity 0.48. After addi-
tion of the synthesized polymeric thiol surfactant (C12P) to
the silver nanoparticle solution the above peak disappearedas shown in Fig. 5b. These results show the reduction of the
negative charge of the colloidal particles. Namely, metal parti-
cles in aqueous colloidal dispersions usually bear a negative
charge due to adsorbed anions. The addition of neutral adsor-
bate molecules such as the synthesized polymeric thiol surfac-
tants, displace the adsorbed ions, thus reducing the charge on
Figure 5 (a) UV spectrum of the prepared silver nanoparticles (AgNPs) and (b) UV-spectrum of poly 12-(3-amino phenoxy) dodecane-1-
thiol (C12P) self-assembled on AgNPs.
Figure 6 (a) Relationship between surface tension and loga-
rithm concentration of polymeric thiol surfactant (C12P) and (b)
Relationship between surface tension and logarithm concentra-
tion of polymeric thiol surfactant (C12P) self-assembled on silver
nanoparticles.
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diffusion motion due to the formation of nano shell of the thiol
surfactant molecules self-assembled on the AgNPs.
The powder XRD pattern of the nanostructure for the syn-
thesized polymeric thiol surfactant (C12P) with the AgNPs is
represented in Fig. 3b. It was noted that there are some peaks
that appear in addition to the peaks of AgNPs which conﬁrm
the formation of nanoshell according to the self-assembling of
the synthesized polymeric thiol surfactant on the AgNPs and
these new peaks indicate that there is more crystallinity than
the amorphous structure of the individual polymer.
3.3. Surface properties
Reduction of surface tension is one of the most commonly
measured properties of surfactants in solution, since it dependsTable 2 Surface properties of the polymeric thiol surfactant (C12P
Sample CMC Mol/l PC20
C12P 1 · 103 2.5 · 106
C12P + AgNPs 1 · 103 4 · 107directly on the replacement of molecules of solvent at the inter-
face by molecules of surfactants.
Surface tension values of the synthesized surfactant (C12P)
and the nanostructure of this surfactant with AgNPs are rep-
resented in Fig. 6. The results indicated that the nanostructure
of this surfactant with AgNPs has more reduction in surface
tension than the individual surfactant. This is related to the
ability of the nanoparticles to adsorb at interface and decrease
the surface tension [37]. The critical micelle concentration
(CMC) value was taken as the concentration at the point of
intersection of the two linear portions of the surface tension
with the surfactant concentration. The critical micelle concen-
tration represents the concentration at which the prepared sur-
factant starts to form a cluster in the bulk of solution. Micelles
are thermodynamically and geometrically stable phase formed
to decrease the polar/non-polar interaction occurred between
the surfactant and aqueous phase molecules. The data in
Table 2 show that the nanostructure of the surfactant under
investigation with the AgNPs has the ability to make a reduc-
tion in the surface tension more than the investigating individ-
ual surfactants which clear from the increase in the
effectiveness (pCMC) values of the nanostructure of these sur-
factants than that of the individual surfactants.
3.4. Evaluation of the synthesized polymeric thiol surfactant and
its nanostructure with silver nanoparticles (AgNPs) as
Corrosion Inhibitors
Two techniques are used in this work to determine the corro-
sion rate and corrosion inhibition efﬁciency as follows:
3.4.1. Weight loss measurements
Weight losses (in mg cm2) were determined in an open system
at various time intervals in the absence and presence of differ-
ent concentrations of the additive. The corrosion rate was cal-
culated from the following equation:
R ¼W=St ð1Þ) and its nanostructure with AgNPs at 25 C.
pcmcdyne/cm Cmax ·1010 mol cm2 Amin nm2
26 0.610 2.719
30 0.776 2.138
300 E.M.S. Azzam, A.A. Abd El-Aalwhere, W is the average weight loss of three parallel carbon
steel specimens, S is the total surface area of the specimen
and t represents the immersion time. The inhibition efﬁciency
(IE%) by a certain concentration of a particular additive is
evaluated as follows:
IE% ¼ ð1 R=RoÞ  100 ð2Þ
where, R and Ro are the corrosion rate of the test specimens in
the inhibited and uninhibited solution.
The obtained results are shown in Tables 3 and 4 for poly
12-(3-amino phenoxy) dodecane-1-thiol and poly 12-(3-amino
phenoxy) dodecane-1-thiol with AgNPs. It is apparent that,
the increase in additive concentration was accompanied by a
decrease in the values of corrosion rate and an increase in
the values of the inhibition efﬁciency as summarized in Tables
3 and 4. Careful inspection of these results showed that, at the
same inhibitor concentration, the inhibition efﬁciency of poly
12-(3-amino phenoxy) dodecane-1-thiol with AgNPs is greater
than that of poly 12-(3-amino phenoxy) dodecane-1-thiol.
3.4.2. Potentiodynamic polarization measurements
The effect of inhibitor concentration on both anodic and catho-
dic curves of carbon steel in 1 M HCl solution was studied
using the Potentiodynamic polarization technique. The ob-
tained results are shown in Fig. 7a and b. Also, the electrochem-
ical parameters such as corrosion current density (Icorr),
corrosion potential (Ecorr), anodic Tafel slope (ba), cathodic
Tafel slope (bc) and polarization resistance (Rp) associated with
polarization measurements for carbon steel at different concen-
trations of the additive were simultaneously determined from
the polarization curves using Volta-master 4 corrosion software
and listed in Tables 5. As reﬂected from the plots the additiveTable 3 Corrosion rate of carbon steel with and without the
addition of the polymeric thiol surfactant (C12P) and its
nanostructure with AgNPs as corrosion inhibitor for carbon
steel in 1 M HCl at 25 C.
Concentration
(ppm)
Corrosion rate (mg cm2 h1)
C12P C12P + AgNPs
Blank 0.89 0.89
75 0.36 0.31
150 0.29 0.25
225 0.22 0.18
300 0.19 0.15
375 0.15 0.11
Table 4 Inhibition efﬁciency of the polymeric thiol surfactant
(C12P) and its nanostructure with AgNPs as corrosion inhib-
itor for carbon steel in 1 M HCl at 25 C.
Concentration
(ppm)
Inhibition eﬃciency g (%)
C12P C12P + AgNPs
75 60.40 65.20
150 68.00 70.30
225 75.50 78.96
300 78.50 82.30
375 82.80 87.59exhibits a signiﬁcant effect on the current–potential relations.
The following points could be concluded:
 The Tafel lines are shifted to more negative and more posi-
tive potentials for the cathodic and anodic processes,
respectively relative to the blank curve. This means that
the additive affects both anodic dissolution of the metal
and cathodic evolution of hydrogen (i.e. mixed-type
inhibitor).
 The slopes of the cathodic and anodic Tafel lines are
approximately constant and independent of the inhibitor
concentration. This behavior suggests that the inhibitor
molecules affect the corrosion rate of carbon steel without
changing the metal dissolution mechanism [38].
 By increasing the concentration of the additive the corro-
sion current densities (Icorr) were decreased.
 According to many previous papers, if Ecorr shifted in the
presence of inhibitor in the range of 85 mV dec1 than in
the absence of inhibitor, the inhibitor acts at mixed type
inhibitor.
The relation between corrosion inhibition and surface prop-
erties of the prepared surfactants is in good agreement with the
inhibition efﬁciency results achieved by C12P and
(C12P + AgNPs) as shown in Table. 4.
It notes that Cmax of C12P is lower than Cmax of
(C12P + AgNPs). On the other hand, the Amin value of
C12P is higher than that of (C12P + AgNPs) considering this
one explains why (C12P + AgNPs) is more effective than
C12P. The high value of Cmax of (C12P + AgNPs) indicates
that more numbers of molecules are adsorbed. This implies
close packing of the adsorbed molecules associated with a less
area on the metal surface for each molecule thus leading to
more electrostatic interaction of the well packed adsorbed
layer and more homogenous adsorbed ﬁlm. All these parame-
ters explain why (C12P + AgNPs) is the most effective
inhibitor.
The order of inhibition efﬁciency of the under taken addi-
tives at different concentrations as calculated from polariza-
tion measurements conﬁrmed that the inhibition efﬁciency of
poly 12-(3-amino phenoxy) dodecane-1-thiol with AgNPs is
greater than that of poly 12-(3-amino phenoxy) dodecane-1-
thiol. This behavior can be attributed to adsorption of the
inhibitor molecules on the carbon steel surface forming a pro-
tective layer [39]. The formation of such protective ﬁlm was
examined by EDX. These results are in good agreement with
that obtained from the weight loss measurements.3.4.3. Energy dispersive analysis of X-rays (EDX)
The protective ﬁlm formed on the carbon steel surface was
analyzed using an energy dispersive analysis of X-ray tech-
nique (EDX) as shown in Fig. 8. The spectrum obtained by
EDX indicated that carbon steel sample immersed in 1 M
HCl solution failed in the absence of inhibitor molecules be-
cause it was severely weakened by external corrosion as shown
in Fig. 8a. By addition of 375 ppm of poly12-(3-amino phen-
oxy) dodecane-1-thiol surfactant, the surface of carbon steel
sample was greatly improved due to the formation of protec-
tive ﬁlm of the surfactant molecules as indicated by the de-
crease of iron band in Fig. 8b. The appearance of a new
band of silver and the strong decrease in iron band in the
-6.0
-5.5
-5.0
-4.5
-4.0
-3.5
-3.0
-2.5
-2.0
-1.5
C12P
lo
g 
I (
A
/c
m
²) 
x1
0^
0
potential (mv)
 blank
 75 ppm
 150 ppm
 225 ppm
 300 ppm
 375 ppm
-800 -700 -600 -500 -400 -300
-800 -700 -600 -500 -400 -300
-6.0
-5.5
-5.0
-4.5
-4.0
-3.5
-3.0
-2.5
-2.0
-1.5
C12P+AgNP
lo
g 
I (
A
/c
m
²) 
x1
0^
0
Potential [mV]
 blank
 75ppm
 150ppm
 225ppm
 300ppm
 375ppm
(a)
(b) 
Figure 7 (a) Tafel line for the carbon steel sample in 1 M HCl in the absence and presence of different concentrations of (a) polymeric
thiol surfactant (C12P) and (b) Tafel line for the carbon steel sample in 1 M HCl, at different concentrations of polymeric thiol surfactant
(C12P) self-assembled on AgNPs.
Table 5 Potentiodynamic polarization parameters of the polymeric thiol surfactant (C12P) and its nanostructure with AgNPs in 1 M
HCl at 25 C.
Sample Ecorr mV (SCE) Icorr mA/cm
2 Rp: ohm cm2 ba mV dec1 bc mV dec1 g%
Blank (1 M HCl) ppm 569.6 0.233 222.8 166.7 120.7 0.000
C12P
75 543.2 0.128 383.4 165.7 134.1 44.93
150 553.8 0.120 355.1 159.0 119.8 48.37
225 578.8 0.109 370.6 170.0 111.0 53.22
300 580.5 0.071 487.8 96.5 103.8 69.66
375 577.0 0.063 389.6 83.0 105.0 73.13
C12P + AgNPs
75 563.3 0.116 353.2 172.0 123.3 50.26
150 583.5 0.107 377.7 102.9 119.2 53.95
225 582.1 0.079 427.3 100.1 108.2 66.01
300 582.8 0.061 575.0 107.8 112.1 73.95
375 587.2 0.055 875.0 201.4 113.3 76.44
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Figure 8 Energy dispersive X-rays’ analysis (EDX) of carbon steel samples: (a) After immersion in 1 M HCl solution for 24 h, (b) after
immersion in 1 M HCl solution for 24 h in the presence of C12P and (c) after immersion in 1 M HCl solution for 24 h in the presence of
C12P self-assembled on silver nanoparticles.
302 E.M.S. Azzam, A.A. Abd El-Aalpresence of 375 ppm of poly 12-(3-amino phenoxy) dodecane-
1-thiol surfactant self assembled on silver nanoparticles as
shown in Fig. 8c indicated that the protective ﬁlm formed
was strongly adherent to the surface, leading to a high degree
of inhibition efﬁciency [40].4. Conclusions
The main conclusions of this work can be summarized as
follows:
1. A novel polymeric thiol surfactant was synthesized.
2. The synthesized polymeric surfactant shows the ability to
assemble on silver nanoparticles.3. Weight loss and polarization results show that the synthe-
sized polymeric thiol surfactant and its nanostructure with
silver nanoparticles have good inhibition efﬁciency toward
carbon steel.
4. The protective ﬁlms formed by the synthesized surfactant
and its nanostructure were strongly adherent to the surface
of carbon steel, leading to a high degree of inhibition
efﬁciency.
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